The absolute electron transfer efficiency of a gas electron multiplier (GEM) was systematically measured in several gas types and pressures and over a broad range of electric-field configurations, using a single-electron pulse-counting method. A complete understanding of the role played by the relevant variables was obtained; particularly, the critical part of electron transport in the gap preceding the GEM was demonstrated. A small electron multiplication in this gap was shown to result in a full detection efficiency of single-electron events, under proper gas diffusion and multiplication conditions. The relevance to single electron and single photon detection is discussed. The experimental results are in good agreement with simulation calculations.
Introduction
In this work, we present the results of our extended studies of electron transfer through Gas Electron Multipliers (GEM) [1] . We aim at finding conditions where a single or a few electrons, deposited in a sensitive detector volume, can be efficiently collected and multiplied within the GEM apertures and further extracted to a consecutive multiplier or readout element. In applications where a relatively large number of primary electrons are deposited within the gas volume preceding the GEM, e.g. resulting from charged particles or x-rays, the transfer efficiency would affect only the pulse-height resolution. On the contrary, detectors based on photoemission or secondary-electron emission from a solid converter [2] or on gas-deposited single electron counting techniques [3] , have to efficiently detect single or a few electrons. Therefore, poor transfer and a loss of one electron would result in a serious deterioration of the detected parameters and often in a complete loss of the event. This is the case in gas avalanche imaging photomultipliers for UV and visible light [4] , based on a photocathode coupled to GEM. The GEM, or a cascade of GEMs [5] , could be a multiplier of choice and even operate in noble gas mixtures [6] , due to its natural screening of avalanche-induced secondary photons. However, it is essential to ensure full detection efficiency for events originating from single electrons.
The transfer efficiency, which is the efficiency with which an electron can be focussed into one of the GEM apertures rather than being trapped by the metal entrance electrode, depends on three issues: the geometry of the GEM apertures (diameter, spacing), the electric field configuration within and on both sides of the GEM element and the process of electron transport in the gas volume preceding the GEM. The last, of which the most important parameter here is the transverse electron diffusion, is a function of the gas type and pressure and of the electric field strength across the drift volume.
It has been demonstrated that good transfer conditions were reached while keeping low electric drift fields at the entrance of the GEM and high fields at its exit [7] . This operation condition should be probably adequate for most applications in which charges are deposited and collected in gas.
In gas avalanche photomultipliers though, high electric fields near the photocathode are requested to prevent photoelectron backscattering from the gas molecules into the photocathode; high photoemission probabilities, similar to those in vacuum, were reached under small multiplication in the gas volume in contact with the photocathode [8] . Allowing for a moderate electron preamplification within the gas gap preceding the GEM should also have a dramatic enhancement of the detection efficiency of single electron [9] . Conditions can be found, in which at least one of the preamplification-induced secondary electrons reaches a GEM aperture, leading to a detectable event. This was demonstrated experimentally, though in a relative way [9] , and by Monte Carlo simulations, indicating the possibility of reaching conditions for full single-electron detection efficiency [10] .
Establishing experimentally the absolute transfer efficiency of single electrons through GEM apertures is a very difficult task. So far, only relative measurements of charge transfer were made, by recording x-ray-induced currents on the GEM and its surrounding electrodes [7] . Such measurements do not permit for a direct measurement of the transfer efficiency, but rather of the product of the efficiency times the GEM gain. Counting pulses resulting from the GEM multiplication of single electrons has the potential of providing absolute transfer efficiency. However, measurements carried out in a pulse counting mode, with single electrons photo-produced on a photocathode preceding the GEM [9, 11] , provided so far only relative data, due to the lack of a reliable counting rate normalization.
When proper normalization of the event counting rate is provided the single electron counting technique can establish the absolute single electron transfer efficiency of GEM. The method consists of measuring the ratio between the number of GEM-multiplied pulses and that of the originally deposited single electrons within the gas volume preceding the GEM. We present here the results of such systematic studies, made in various gases, in the pressure range of 1 to 760 Torr. The measurements, accompanied by Monte Carlo simulations, were made as function of the electric fields within the GEM and in the gas gaps on its both sides.
Of a particular interest is the confirmation of the idea that a full efficiency of the GEM is attainable when moderately amplifying the initially deposited single electrons, prior to their collection and multiplication by the GEM. We define this variable as the absolute collection efficiency and present our experimental measurements and Monte Carlo simulations in several gases and field conditions. A simple model was also used to explain the results.
Methodology

Basic properties and definitions
The operation mechanism and basic properties of GEM detectors are described in detail elsewhere [1, 7] . This mechanism may be divided into three consecutive steps, as shown in Fig.1 : i) the collection of electrons from the drift volume preceding ("above") the GEM, under an electric field E drift , and their transfer and focussing into the GEM apertures; ii) the exponential multiplication of electrons within the high electric field created by the potential U GEM across the GEM apertures; iii) the extraction of a large fraction of the multiplied electron swarm from the GEM exit face ("below" the GEM), under an electric field E trans , into a consecutive gas avalanche multiplier, of any type, to create a detectable signal at the readout circuit.
In the present work we only treat the case of single primary electrons deposited in the gap preceding the GEM. We should distinguish between measurements based on recording currents (current mode) to measurements based on recording pulses (pulse mode). In the last mode we can extract information from both the pulse height and the pulse counting rates.
We define the following variables:
• The real GEM gain, G real , is the average number of multiplied electrons within the GEM aperture, per number of entering electrons.
•
The electron transfer efficiency, ε trans , is the fraction of electrons deposited in the gap above the GEM which are entering into the GEM holes and experience multiplication.
The electron extraction efficiency, ε extract , is the fraction of GEM-multiplied electrons that are extracted from the GEM to the subsequent element.
Both efficiencies depend on the electron diffusion and are function of the gas type and pressure.
•
The electron collection efficiency, for the case of charge preamplification in the drift gap preceding the GEM, is the fraction of electrons deposited in the gap above the GEM, for which, after preamplification, at least one secondary electron is transferred and multiplied in the GEM.
The effective GEM gain, G eff, in current mode is the ratio between the current recorded on the readout electrode at the exit of ("below") the GEM (figure 1) and the current injected into the gap above the GEM. It is the product of the real GEM gain, G real, by the transfer and extraction efficiencies:
In current mode the real GEM gain, G real , is not directly measurable, because it appears as the product of three parameters (equation 1). If all the current is collected on the exit GEM face (by reversing the direction of the field E trans ), we may replace ε extract by 1 and the product simplifies to: G eff = G real · ε trans .
The extraction efficiency, ε extract , is measurable in current mode, from the ratio of the current collected on the readout electrode to the current collected on the exit GEM face, with a reversed direction of the field E trans .
In the pulse mode, when recording single electron pulse-heights, the effective GEM gain is given by
Therefore, by a combination of absolutely calibrated single electron pulse-height recording and current measurements, it is in principle possible to extract all variables. However, they will involve large errors derived from the large fluctuations in the singleelectron multiplication process, which does not permit to assess the gains with high precision.
In the pulse mode, when recording single-electron pulse count rates, the electron transfer efficiency is directly derived from the ratio between the rate of counted pulses after GEM multiplication to the rate of deposited single electrons in the gap "above" GEM.
Experimental concept and set-up
Figure 2 presents schematically the method for measuring the absolute GEM transfer or collection efficiency, as defined above. The method is based on a precise evaluation of the counting rate of single-electron events, counted with a MWPC.
The experimental set-up consists of two different electron multipliers, which by lateral displacement can be coupled to the same semi-transparent CsI photocathode. The last was illuminated through a Quartz window by a continuos-illumination UV-light source, emitting single photoelectrons into the gas. A MWPC detector (fig 2, right) is used for normalization of the photoelectron counting rate, namely for counting the rate of pulses induced by single electrons arriving at the drift gap (between the meshes M 1 and M 2 ). The second, GEM-MWPC detector (fig 2, left) , is used for counting the rate of pulses induced by single electrons arriving at the same drift gap (which in this detector is the gap between M 1 and the GEM) and further transferred into the GEM apertures. We assume that any electron transferred into the GEM aperture will initiate an avalanche, of which a fraction of the electrons is extracted and further multiplied by the MWPC and counted. Therefore, the ratio between the counting rates of the GEM-detector and the normalization detector provides the absolute transfer efficiency of the GEM.
It is important to note that neither, full efficiency for detecting single photoelectrons, nor the knowledge of its absolute value is required here. We assume that the detectors are identical up to the levels of the mesh M 2 and the GEM. The only requirement is to have the same total gain and pulse height distribution in both detectors and to have full electron transmission through the mesh M 2 .
In our experimental arrangement the GEM gain can be varied over a large range, provided that the total GEM-MWPC detector's gain is maintained constant and sufficiently high for efficient detection of single electrons, even with a low GEM gain. Particular care is taken to properly choose the electric fields at the photocathode gap, and in the drift gaps preceding the MWPC and the GEM, in order not to affect the transfer efficiency measurements. This will be discussed below.
For all measurements, a 30 by 30 mm 2 CERN-made GEM was used, with a hexagonal aperture array of 140µm pitch and 55/70 (inner/outer) µm hole diameter, in a 50 micron thick copper-cladded Kapton. The mesh electrodes above the GEM and the MWPC as well as the MWPC cathodes are made of 50 micron in diameter crossed stainless steel wires, 500-micron apart (81% optical transmission). The MWPC anodes are made of 10 micron in diameter wires, 1mm apart.
The two detectors and the photocathode are placed within a vacuum vessel connected to a turbo-molecular pump. The vessel is evacuated to 10 -5 Torr prior to gas filling. The system is operated in a gas flow mode, using mass-flow meters, differential pumping and a regulated pressure control. The detectors are displaced within the vessel with a vacuum-compatible linear manipulator.
Detailed methods of measurements
For each set of measurements (gas, pressure), several variables have to be studied prior to recording the pulse counting rate: electron extraction from the photocathode, electron transmission efficiency through the meshes M 1 and M 2 , amplification curves of the parallelgap preceding the GEM (in cases where preamplification is applied), amplification curves of the GEM itself and single-electron pulse-height spectra of the MWPC and of the GEM-MWPC detectors.
a.
Electron extraction from the photocathode
The electron extraction from the photocathode was studied in current mode for each gas and pressure, namely by recording the photocurrent on mesh M 1 as function of the applied electric field, E PC . It is shown in figure 3 for i-butane at 40 and 150 torr. The photocurrent evolution strongly depends on the gas type, but in general, after a steep increase at very low fields, it saturates (e.g. in i-butane for E PC > 10 V/cm torr). We assume that by applying identical E PC values to both detectors, the number of electrons entering both of them is identical for a given photocathode illumination rate. In order to reduce systematic errors caused by small deviations in the applied fields we preferably chose E PC values in the plateau. The absolute photoelectron rate is not relevant for the determination of the absolute GEM transfer efficiency.
b.
Origin of the photoelectrons A crucial point in our method is the origin of the photoelectrons. For a correct normalization of the counting rate we have to ensure that all counted pulses in both detectors originate from electrons created at the semi-transparent CsI photocathode and not, for example, at the GEM-copper plane, which is also illuminated by the incident UV light. Copper-emitted photoelectrons would falsely enhance the counting rate of the GEM-MWPC detector. This point was checked by reversing the field E PC, which resulted in a reduction of the counting rate by two orders of magnitude for identical illumination conditions. Thus the maximum systematic error due to photoemission from the GEM face is in the order of 1%.
c.
Electron transmission through the meshes Once extracted from the photocathode, the electrons are transmitted into the drift region of each detector. The transmission efficiency (also called mesh transparency) through the mesh M 1 (see fig.2 ) depends on the ratio of the electric fields E drift /E PC . In figure 4 , the mesh transparency in i-butane 40 torr and Ar/CO 2 (70:30) 380 torr is plotted as function of the fields ratio, demonstrating a full transparency plateau for E drift /E PC > 3. The mesh transparency is defined by its geometric parameters and therefore this result is valid for all gas mixtures and pressures investigated here. Again, identical field conditions have to be chosen for both detectors, thus ensuring identical rates of primary electrons deposited in the drift gaps above the MWPC or the GEM. In order to reduce systematic errors caused by small voltage deviations, we chose, whenever possible, field ratios on the transparency plateau.
Up to this point, both detectors are absolutely identical, and by providing the same electric fields the electron rates are assumed to be equal.
d. Normalization of the counting rate Figure 5 shows a typical dependence of the normalization detector counting rate on E drift , for two gases. We note that the counting rate is not constant but increases steeply at low fields and decreases strongly at high fields. Also, the plateau is slanted. This behavior is understood as follows:
The increase at low E drift fields results from the fact that in our measurements we kept the ratio E drift /E PC constant, in order to maintain the electron transmission through the mesh M 1 . Therefore, at low field values, when increasing both fields the electron extraction from the photocathode improves, up to its plateau, which is normally slanted (fig 3) . However, since this effect exists in both detectors, it is easily taken care of.
The decrease of normalization counting rate at high E drift field is related to electron transmission through the mesh M 2 . As explained above, a correct normalization of the primary electron rate relies on the full transmission through the MWPC cathode mesh, M 2, in the normalization detector. Therefore, for each experimental condition one has to assure that E MWPC /E drift > 3, E MWPC being the electric field near the MWPC cathode. However, this is not always possible to fulfill, for two reasons: i) E drift varies over a broad range for assessing the GEM transfer efficiency dependence on this variable and ii) E MWPC is not decoupled from the MWPC gain. Therefore, at high E drift values we may have a situation of low transmission through M 2, resulting in a decrease of the normalization detector counting rate, shown in figure 5 for both gases at the higher E drift values. This deficiency was carefully taken into account as follows:
In i-butane, the data in this range could be corrected, using for M 2 the mesh transmission data of figure 4.
In Ar/CH 4 (95:5) at atmospheric pressure a different solution was adopted: we inserted in the normalization detector a mesh M 3 between the mesh M 2 and the MWPC anode plane; we operated the gap M 2 -M 3 in a parallel-plate amplification mode. This permitted to control the transparency of M 2 independently of the MWPC voltage, as shown in figure 6 .
In Ar/CO 2 (70:30) (1/2 and 1 atmosphere) the loss of transmission through M 2 starts already at rather low E drift values, even before the onset of the photoelectron extraction plateau. The insertion of an additional mesh was not possible in this case due to limitations on the MW voltage. Consequently only the data at small E drift /p values, below 8 V/cm torr are absolutely normalized, whereas those for higher field values lack the absolute normalization.
While measuring the dependence of the GEM electron transfer efficiency on E trans and U GEM , only one normalization of the counting rate was required for the whole series, since there are no corresponding adjustable fields in the normalization detector.
e. GEM Effective gain curves As explained above, the real GEM gain is not directly measurable. The effective gain is, however, easily measured by recording the current on the lower GEM side versus U GEM , with a reversed E trans , and normalizing it to the current without GEM amplification recorded from the GEM electrode having both faces connected together. As shown in figures 7 and 8, for higher voltage differences across the GEM the effective gain increases exponentially with the voltage; for very low GEM voltages, the rather low transfer efficiency dominates the effective gain, resulting in effective gain values smaller than 1 and deviation from the exponential shape. It will be shown below, that after measuring the GEM transfer efficiency by the pulse counting method we can correct the effective gain for the transfer efficiency and we can extract the real GEM gain even for low GEM voltages.
f. Extraction of electrons from the GEM Following multiplication in the GEM, the electron swarm has to be extracted from the lower GEM side, for its transfer into the MWPC for further multiplication and counting. The value of the electric field E trans has to be sufficiently large to result in good extraction of electrons from the GEM; however, similarly to section d above, it should preferably be lower than the field E MWPC , to assure good electron transmission through the mesh M 2 . These conditions may not always be both fulfilled. However, full extraction efficiency or a full mesh transmission is not mandatory. It is sufficient that a fraction of the GEM avalanche electrons is multiplied by the MWPC in order to assure the detection of the primary event. Therefore the choice of E trans in our measurements is not critical.
g. MWPC and GEM-MWPC total gain
Both the MWPC and the MWPC-GEM detectors should have a high total gain in order to efficiently detect the single-electron-induced signals. MWPCs are known to provide large gas gain over a broad pressure range, of typically 10 6 or more. This was the reason for choosing a MWPC as a normalization detector or as the detector following the GEM. At our actual operation conditions (total gain below 10 5 ), in a moderately quenched gas and in absence of photon or ion feedback, the single-electron spectra have pure exponential shape (see for example the detailed discussion in [12] and references therein). Examples of single-electron pulse-height spectra from the GEM-based detector in different gases are shown in figures 9 and 10. Similar spectra were obtained from the normalization MWPC detector. These spectra actually deviate from the pure exponential shape, because they contain inseparable components from electronic noise as well as from ion-or photon-induced feedback, manifested as an excess of pulses in the tail of the distribution. Therefore, a simple ratio of the integrated counts from both detectors would result in large errors.
A more precise technique was applied in this work, consisting on comparing only a fraction of the pulse-height distribution of the two detectors. This fraction of the distribution was selected between a lower limit, T 1 , well above the noise and a higher limit, T 2 , far from the distribution tail (see figures 9, 10). Relying on the exponential shape of the pulse height distribution we assume that for two distributions, having the same exponential slope, the integral of counts between T 1 and T 2 represent exactly the same fraction-of-counts out of the total number of counts. As the distribution's slope depend only on the detector gain, it is possible to adjust the MWPC gain and that of the GEM-MWPC such that their slopes coincide. We then define the limits T 1 and T 2 and compare the variation of counting rate, integrating within these limits in both detectors. However, in some conditions, e.g. very small drift field and high total gain of 10 6 or more, the multiplication process in the GEM reached saturation, exhibiting a Polya single-electron pulse-height distribution rather than an exponential one. This effect is probably due to the confinement of the avalanche process within the small GEM aperture [13] . Under such conditions a normalization of the counting rate was not possible, because we could not adjust the two detectors to have similar pulseheight distribution shapes. Therefore, in some cases the data could not be normalized in an absolute way; this is the case for Ar/CH 4 (95:5) at 740 torr, for the data points at E drift /p < 3 V/cm torr. The total gain as a function of U MW is given in figure 11 in i-butane at 40 torr in a range of different GEM voltages. The GEM efficiency measurements were done at a total gain of 70000.
h. Ion-feedback limitations Some of the measurements at low gas pressures (e.g. Ar/CO 2 and Ar/CH 4 at high GEM gain) were hindered by the onset of strong ion feedback, which typically occurs in two-stage gas-detectors consisting of at least one GEM [11] . Depending on the gas type, pressure and GEM gain, the maximal total gain is strongly limited due to the effect of back-drifting ions, accelerated within the GEM aperture and inducing secondary electron emission at the GEM copper electrodes. This process is self-sustained, since newly created electrons drift towards the MWPC and induce consecutive signals with delay in the microsecond range (depending on the transfer field E trans ). This effect is more significant at low gas pressures, the drifting ions reach higher energies between collisions, which results in a higher feedback strongly limiting the total detector gain. We have observed that this effect is very strong at very low pressures of i-butane (1-2 torr) and in a few tens of torr of both Ar/CH 4 and Ar/CO 2 mixtures. In conditions close to atmospheric pressure the ion-feedback effect was not observed.
i. Estimation of experimental errors
We estimate an upper limit of 1% on the error due to electrons not originating from the photocathode. The errors due to fluctuations in the lamp intensity, the gas quality and the counting rate statistics are negligible compared to the systematic errors. Only in cases of very low counting rate, namely very low transfer or collection efficiency, the statistical fluctuations have a significant contribution.
The main source of systematic error is the uncertainty in the normalization counting rate, of which the important contributions are: i. the uncertainty in adjustment of the total gain, which was very sensitive to small voltage deviations; ii. the uncertainties due to deviation, in some cases, of the selected pulse-height spectrum portion (between T 1 and T 2 ) from pure exponential shape. By varying the voltage in the range in which the gain variation could not be detected and by varying the gain in the range in which the slope variation could not be detected we obtained a good estimation of these systematic errors. They were found to be of ±6% for each detector. The resulting total absolute experimental error for the GEM transfer (or collection) efficiency is therefore ±9 %.
The simulation technique
We used the 3D model of the GEM [14] , computed with the simulation package MAXWELL [15] . The electron transfer efficiency and the collection efficiency have been computed by randomly generating an electron in the drift volume, at a given distance above the GEM, and following its path as it drifts and diffuses down to the GEM electrode, using the Monte Carlo version of gaseous electron transport MAGBOLTZ [16] in GARFIELD [17] . When the electrons encounter the high field in the holes, they experience ionizing collisions, thereby resulting in an avalanche of electrons, whose size depends on the dipole field in the GEM holes. The avalanche electrons are further followed: some of them are lost on the bottom electrode of the GEM, while others are extracted to the readout electrode. When the field in the drift region above the GEM is high enough, in addition to elastic collisions some ionizing collisions occur according to the Townsend coefficient of the gas mixture, and secondary electrons are produced. Following each electron path, with elastic and ionizing collisions, provides the diffusion at these high fields. Due to diffusion the secondary electrons arrive at the GEM electrode at different locations -some of them may be lost on the top surface of the GEM, while others are guided into the GEM holes and further followed as described above. The simulation process is repeated 500 times at each condition of gas, pressure and electric field. The transfer efficiency and the collection efficiency are calculated according to the definitions in chapter 2.1. All details regarding the simulations are given in references 10 and 14.
Experimental results in an electron drift mode
Though the transfer of electrons from the drift region into the GEM apertures is a process preceding the GEM multiplication, we expect the transfer efficiency to be affected by all electric fields at the vicinity of the apertures, namely E drift , U GEM and E trans . We will show below that the effects of U GEM and E drift are the largest, whereas that of E trans is minor, since it is hardly influencing the region preceding the GEM. The measurements will also demonstrate that apart from the applied fields, the transverse electron diffusion in the gas plays a dominant role in this transfer process.
In the following sections, we will present and discuss the effect of each electric field separately. In order to accentuate the influence of the transverse diffusion the measurements were done in i-butane at 40 torr (at very high diffusion), Ar/CH 4 (95:5) at 1 atmosphere (moderate diffusion) and in Ar/CO 2 (70:30) at 1/2 and 1 atmosphere (very small diffusion).
The role of E drift
In figure 12 , the absolute GEM-transfer efficiency, ε trans , as a function of the reduced drift field, E drift /p, is given for i-butane at 40 torr, for U GEM =180 and 210 V. In figure 13 we present the transfer efficiency for Ar/CO 2 (70:30) at 380 torr, for U GEM = 400, 500 and 550 V and in figure 14 for the same gas at 740 torr (close to 1 atmosphere) and U GEM = 500 and 560V. The ratio of E drift /E PC is maintained constant in every set of measurements. As mentioned above (section 2.3.d) for Ar/CO 2 at atmospheric pressure a low field E PC =0.3V/cm torr was applied in both detectors in order to assure the transparency of M 1 even at small E drfit values. Due to the different measuring conditions for Ar/CO 2 at 380 torr and at 1 atmosphere, the data in figure 13 is not absolute while in figure 14 it is. The transfer efficiency shows a maximum, for all gases and GEM voltages at rather low E drift /p values, of a few V/cm torr. This behavior of the transfer efficiency results from the competition between an improved electron transport with increasing drift field, on one hand, and a loss of field-lines focussing into the GEM apertures, on the other. It should be noted that the peak value of the transfer efficiency is not necessarily equal to 1, due the finite GEM opacity and the electron diffusion. Monte Carlo simulation results shown for one set of data per each gas reproduces very well the experimental results. In both gases, we found that even for an optimized drift field value, a full transfer efficiency is not reached if the GEM voltage is too small; this is the case for U GEM = 180 V in i-butane and U GEM = 400 V in Ar/CO 2 (70:30) at 380 torr, both corresponding to GEM gain ~30. At these voltages clearly the GEM field is not sufficient to effectively focus the field lines into the apertures.
The role of E trans
The electric field E trans , has generally a negligible influence on the GEM transfer efficiency, as demonstrated in figure 15 and 16, both at 40 torr i-butane and 380 torr Ar/CO 2 (70:30). Over a broad range of E trans values, the transfer efficiency remains almost constant. Only at very low E trans field values (e.g. E trans < 1.5 V/cm torr in Ar/CO 2 (70:30)) the measured counting rate drops significantly, due to the collection of multiplied electrons on the lower GEM electrode, rather than their transport into the MWPC, which affects the counting rate in the GEM-MWPC detector.
The situation for the extraction efficiency, ε extract , i.e. the fraction of GEM-amplified electrons that are transferred to the MWPC, is completely different. This parameter strongly depends on E trans; it cannot be directly measured by our method, but it can be derived in an indirect way: Due to the fact that the total gain is kept constant during the measurement while varying E trans , a loss in the extraction efficiency results in a drop of pulse height, which in turn is reflected by a need for an increase in the MWPC voltage. From the gain increase required to reestablish the original total gain, one can deduce the fraction of lost electrons, as shown in figure 17 . This method only provides a relative estimate; the plateau shown in figure 17 , for Ar/CO 2 (70:30) at atmospheric pressure, for E trans > 3 V/cm (for U GEM = 400 V) and for E trans > 6 V/cm (for U GEM = 500V) does not necessarily indicate a condition of a full extraction.
The role of U GEM
A large effect on the single-electron transfer efficiency is that of the GEM voltage. The dependence of the transfer efficiency on the GEM voltage is given for i-butane at 40 torr (figure 18) and for Ar/CO 2 (70:30) at 380 torr ( figure 19 ).
This dependence is understood from purely electrostatic considerations. At very low U GEM values most of the field lines in the drift region end at the upper GEM electrode. This results in a very small probability of electron focussing into the apertures and therefore very low transfer efficiency. When increasing the GEM voltage, we observe a steep increase in transfer efficiency, followed by a saturation (which is not necessarily at 100% efficiency), at GEM gain values of the order of 100 for both gas conditions. This behavior is due to improved fieldlines focussing with increasing GEM field; obviously, the maximum transfer efficiency value is dictated by the geometry of the GEM (aperture diameter and spacing) and by the transverse electron diffusion.
As mentioned above, by knowing the transfer efficiency for a given E drift , as a function of U GEM , we can separate the real GEM gain from the effective gain. This procedure was followed for the gain curves in i-butane at 10 torr ( figure 20) and 40 torr (figure 21 ). In the range of 0-50V for p = 40 torr and 0-20V for p = 10 torr, there is no amplification in the GEM and the real gain is about 1; the gain increases exponentially at higher potentials.
In the case of Ar/CH 4 (95:5) at atmospheric pressure we chose very low E drift values, in order to obtain good focussing and good transfer efficiency even for low GEM voltages. Indeed, as shown in figure 8 , without correcting for the transfer efficiency, we observe a large voltage range (U GEM = 100 -200 V) with good electron collection prior to the onset of GEM amplification. The amplification within the GEM channel starts, in this gas, at U GEM ~ 200 V and it has an almost exponential character.
Experimental results with electron preamplification
As previously proposed [9, 11] and discussed in the introduction, electron extraction from a photocathode followed by an efficient collection and multiplication in a GEM, may be reached by moderately preamplifying the primary electrons within the gap preceding the GEM. An increased number of secondary electrons in the gap above the GEM could compensate for electron losses due to diffusion and to insufficient field-lines focussing into the GEM apertures. Indeed, the arrival of even a single electron, out of the preamplified secondary electron cluster, into the GEM aperture, would suffice for the efficient detection of the primary event (see figure 22) . In the following, we present the results obtained for the absolute GEM collection efficiency, in the preamplification mode; the data is presented according to the size of the transverse electron diffusion, which is shown to play a decisive role.
Gases with large transverse diffusion
Conditions with very high electron diffusions can be easily obtained at low gas pressures. We have chosen i-butane, known for its stable low-pressure operation [11] and found adequate operation conditions for the GEM at 2.5, 10 and 40 Torr, as seen from the gain curves in figure 7 . At 1 torr, the effective gain was limited to 10, probably by the small number of ionizing collisions within the dilute gas volume of the GEM aperture. The total gain at 1 torr, reached with the GEM-MWPC detector, was also too low for measurements; it was seriously affected by ion-feedback. Minor ion-feedback appearing at 2.5 torr did not affect our transfer efficiency measurements at modest GEM gains. Such effects of ion-feedback dependence on the GEM and MWPC gains, at low gas pressures, were previously observed [11] .
In figure 23 the calculated [17] σ 0 (the transverse electron diffusion normalized to 1cm of drift at 1 atmosphere) is given as a function of the reduced electric field in i-butane, Ar/CO 2 (70:30) and Ar/CH 4 (95:5). As explained above (chapter 3), the electron trajectory may be attributed with diffusion even at high fields, above the onset of multiplication.
In figure 24 , the experimental data of the electron collection efficiency in 40 torr i-butane, are plotted for three different GEM voltages as a function of E drift /p. In all cases it is found to decrease from the maximum at very low fields down to a minimum at about E/p = 40 V/cm torr. For example, it drops from 100% to 40% for U GEM =210 V and to even lower values for smaller U GEM values. For E drift > 40 V/cm torr, after the onset of preamplification, the efficiency increases, reaching a plateau of full collection at the GEM apertures. In these conditions the effect of field line defocusing is found to be more than compensated by the avalanche statistics. The plateau is reached for preamplification factors of about 15-30, depending on the GEM voltage.
Similar measurements were done for p = 10 and 2.5 Torr. Figure 25 shows the results, indicating rather large differences of the E/p-values, at which full collection efficiency is reached: from about 80 V/cm torr at 40 torr, to 150 and 300 V/cm torr at the respective pressures of 10 and 2.5 torr. These results are well confirmed by the Monte-Carlo simulations, as shown in the figure.
Gases with intermediate transverse diffusion
At atmospheric pressure, the electron diffusion is considerably reduced. To study this range we have chosen Ar/CH 4 (95:5), a mixture suited for the operation of gas avalanche photomultipliers [5] .
The experimental results of the absolute GEM collection efficiency in this gas are given in figure 26 for three different GEM voltages, U GEM = 320, 350 and 380 V, with respective approximate GEM gains of 25, 80 and 200. Compared with the previous data in low-pressure i-butane, measured at about the same GEM gain, of ~ 100, (U GEM = 210 and 380 V for ibutane and Ar/CH 4 , respectively), the collection efficiency does not drop below 50%. This is due the fact that gas preamplification at one atmosphere Ar/CH 4 (95:5) starts at rather low values of E/p in comparison with the gases previously investigated. However, in contrary to i-butane at low pressure, here the collection efficiency deteriorates when further increasing the preamplification above ~ 300 . This effect, which results from the change in electron diffusion with increasing drift field (figure 23), will be explained with our simple model, in the next chapter.
To derive the absolute values for the collection efficiency in these conditions, we normalized the counting rate to a normalization detector having a parallel-plate preamplification gap preceding the MWPC. As discussed in section 2.3.d, this additional preamplification stage, operating at a higher electric field compared to E MWPC , permitted reaching full electron transfer through the mesh M 2, even at large E drift /p values. As discussed in chapter 3.2.g, in some conditions the single-electron pulse height spectrum deviates from a pure exponent, leading to a false normalization. This is the case for the data points in figure 26, U GEM =380V and E drift <3V/cm torr, where a Polya distribution was observed, leading to overestimated transfer efficiency values.
Gases with low transverse diffusion
In Ar/CO 2 (70/30) the transverse diffusion is low over the entire range of drift-field values of interest for this work (see fig 23) . In figure 27 we demonstrate that in this gas mixture (at atmospheric pressure) the GEM collection efficiency remains very low even at very high E drift /p values, corresponding to a preamplification of up to 60. It means that for this gas the avalanche statistics is not sufficient to compensate for electron losses, as depicted in the cartoon in figure 22. Our model in chapter 6 will further explain this point.
Modeling the GEM electron collection efficiency
The model
Summarizing the experimental results obtained in different gases, we demonstrated that conditions could be found for reaching 100% collection efficiency, provided the transverse diffusion is high. For intermediate diffusion values, high collection efficiency could be reached; however, it deteriorated at further high values of E drift /p and at higher GEM amplification factors. For gases with low diffusion, the collection efficiency remained low, even at high preamplification factors (figure 27).
The results can be well explained by a simple model, based on statistical arguments. If the transverse diffusion and the preamplification gap are large enough, we may assume that the secondary electrons, created in the preamplified cluster, drift independently. Then, with a preamplification factor, PA, the collection efficiency ε collect is given by the following equation:
In case of no diffusion, the preamplification will not increase the collection efficiency, as all secondary electrons have similar drift paths and therefore the same fate as the primary electron. In this extreme condition: ε collect = ε trans In fact, even for a high-diffusion gas, the collection efficiency is overestimated in equation (3), since the secondary electrons are created along the drift gap and thus travel different distances, experiencing different diffusion. Particularly, secondary electrons created in the last N preamplification steps, close to the GEM aperture, do not have a sufficient drift length to exhibit a significant diffusion. We therefore propose that a better approximation for equation (3) N may be considered as a fitting parameter extracted by fitting the experimental data with formula (4) .
The criterion we propose for a sufficiently large diffusion, σ 0, and drift gap, d, is that the lateral size of the preamplified cluster, σ trans is of the order of the GEM pitch. In our geometry, σ trans should be typically >200µm in order to achieve a collection efficiency increase by preamplification.
In case of no diffusion 2 N = PA and thus ε collect = ε trans .
The validity of the model was tested in different experimental conditions, as described below. Since ε trans is not measurable in high E drift fields, above the onset of preamplification, we used the value measured in the highest E drift field prior to amplification, which is the lowest ε trans measured. In reality ε trans decays with increasing E drift and therefore this assumption leads to an overestimated ε trans , and thus ε collect , values. Nevertheless, this simple model is instructive and accentuates the role of diffusion in the measured electron collection efficiency. Note that the model describes ε collect in terms of the preamplification factors PA in the gap preceding the GEM and not in terms of E drift /p values. We therefore measured the preamplification gain in all gases, as plotted in figures 28 and 29.
Conditions of large transverse diffusion
The transverse diffusion constant in i-butane in atmospheric pressure is in the order of σ 0 ~ 130 µm per cm drift, over the electric field range of interest, figure 23. Assuming that the diffusion scales as (d/p) 1/2 (d being the drift length and p the pressure), results in a lateral size of the electron swarm of σ ∼ 200, 400 and 785 µm per 1.2mm of drift, for p=40, 10 and 2.5 Torr, respectively, which exceeds the GEM pitch of 140µm.
In figure 30 the experimental electron collection efficiency data for i-butane in all three pressures is presented as function of the preamplification factor. The data almost overlap and full collection efficiency is reached, in all three conditions, approximately at the same preamplification factor of 20, since the electric field conditions for all curves were chosen to have a minimum for ε trans at about 40 %.
Although the transverse diffusion is by a factor of 4 higher at a pressure of 2.5 torr compared to 40 torr, both data sets are almost overlapping within the error bars. This result suggests that as soon as the size of the electron cloud is larger than the inter-hole-distance the collection efficiency cannot be increased any further. From the same data we learn that the model fits best when using EPA = PA/2, namely N = 1, which means that the last amplification step is indeed neglected (equation 4).
Conditions of intermediate transverse electron diffusion
The value for σ 0 (E/p) for Ar/CH 4 (95:5) is in the range of 800 -300 µm per cm drift, depending on the applied electric field. This results in a lateral size of the electron cloud, after drift and diffusion, in the order of 280 -100 µm in our geometry. Thus, for low electric fields the lateral cloud size is larger than the GEM pitch, but for large fields it is smaller. These conditions are therefore very interesting for testing our model.
The collection efficiency data for U GEM =350V is shown in figure 31 , as a function of the preamplification factor. On one hand we demonstrated (see figure 26 ) that the diffusion in this gas is sufficient to reach a collection efficiency of 100%, even at rather low GEM gains. In this range, equation 4, with N = 1, is well reproducing the data, as shown in figure 31. On the other hand, as a result of the decreasing transverse diffusion with increasing field, the collection efficiency deteriorates when going to very high fields (last data points on figure 26) and preamplification factors (last data points in figure 31 ). In the limit of very small diffusion our model predicts ε collect = ε trans . Therefore, it is expected that in conditions where ε trans is smaller, as for example for lower U GEM , ε collect will be smaller. This is indeed the case, seen in figure 26 , for the data points at E/p>15 V/cm torr, showing that the deterioration of the collection efficiency at high fields is stronger for smaller GEM voltages.
Conditions of small transverse electron diffusion
The size of the electron cloud close to the GEM surface in Ar/CO 2 (70:30) is of the order of 85 µm, which is smaller than the GEM pitch. Therefore, preamplification in this gas is not expected to enhance the collection efficiency, as demonstrated in figure 32 and described by the limit ε collect = ε trans .
Summary
In the present work we measured, for the first time, the absolute efficiency of single electron transfer through GEM, namely the probability for a single electron, deposited in the gas-volume preceding the GEM, to be multiplied in the GEM aperture. This variable is of prime importance when a GEM, followed by a second multiplication element, is employed for efficient detection of radiation-induced single electrons. The last are electrons produced from photo-and secondary-emission convertors, or deposited in the gas by low-ionization radiation.
Previous studies of the electron transfer efficiency, carried out in a relative way, both in current mode and in pulse counting mode, provided some understanding of the dependence of the transfer efficiency on different variables. But only by measuring the absolute transfer efficiency we obtain the full insight to this multi-parametric problem.
We have shown that the transfer efficiency is defined not only by the geometrical parameters of the GEM electrode, but it depends in a rather critical way on the transport of electrons in the gas gap preceding the GEM and on the field-line focussing into the GEM apertures. The different processes involved are sometimes competing, leading to a large variability of the transfer efficiency function. Consequently the present study was carried out as function of all electric fields within the GEM and at its both sides. It was also carried out under a range of gas types and pressures, providing a broad range of electron diffusion parameters. This systematic study has lead to a complete understanding of the role played by each variable, which will enable to optimize the design of GEM-based devices in terms of their single-electron detection efficiency.
We should point out that measuring the absolute value of single electron transfer is nontrivial, the main difficulty arises from the need for a reliable normalization. We have developed a method, based on single-electron pulse counting, that provides us with a proper normalization. It is based on comparing the number of UV-induced photoelectrons emitted from a photocathode into a GEM-based detector and a MWPC. The method and its limitations are discussed in detail in the article.
We may summarize the results as follows:
• The transfer efficiency is strongly affected by the transverse diffusion of the electron, drifting under the focussing field towards a GEM aperture.
In the case of a low field E drift preceding the GEM, by tuning the ratio of E drift /U GEM to be high enough, conditions can be found for any gas pressure and type, were the electrons are well focussed into the GEM apertures and the transfer efficiency has a maximum. This maximum, however, is not necessarily equal to 100%; its value depends on the GEM geometry and gain. This is demonstrated in figure 12 and figure 13 .
• The operation at low E drift values can be satisfactory for the detection of charges deposited in a gas gap preceding the GEM. It is unsuitable for detecting electrons emitted from a surface, due to losses induced by backscattering [8] .
• Increasing E drift invariably affects the focussing, which results in a loss of efficiency due to loss of focussing, as shown in figure 12, 13 and 14.
• When E drift is further increased, to values of a modest gas multiplication, a favorable situation could occur: having a few secondary electrons, transported independently in the gas towards the GEM, increases the probability that at least one of them will enter the apertures. We have defined this variable as the collection efficiency. We have shown that this efficiency invariably reaches 100% if the electrons transverse diffusion satisfies the condition σ transverse > GEM pitch, which depends on the gas properties and on the drift length. But if the condition is not satisfied, it is not possible to improve the collection efficiency by increasing E drift . This principle is demonstrated in figures 30, 31 and 32.
• Furthermore, the high E drift values reached under gas multiplication are favorable for extracting electrons from photocathodes and secondary-emission convertors, eliminating the problem of electron backscattering [8] .
• The role of U GEM is well demonstrated in figures 18 and 19, accentuating the importance of field-line focussing, but also the fact that the maximal transfer efficiency, even if exhibiting a plateau, may be smaller than 100%.
The field E trans , in the gap following the GEM, has a minor influence on the measured transfer efficiency.
• A simple statistical model successfully explains the results of collection efficiency under preamplification. It supports our understanding of the role played by the electron transport parameters, and particularly the transverse diffusion.
• Monte Carlo simulations based on MAXWELL, MAGBOLTZ and GARFIELD software packages were found to be in very good agreement with experimental data for ibutane at low pressures. They were in somewhat poorer agreement with the data in Ar/CH 4 (95:5) at atmospheric pressure, probably due to uncertainty in the transverse diffusion.
Regarding the above summary of results we should note that they were all taken with a single GEM-electrode geometry (pitch 140µm, aperture 55/70µm inner/outer diameter), which is not necessarily the best. Therefore, while the results are valid and useful for understanding the trends, the specific numerical values may not be general. A demonstration to this was already given in our previous article [9] , where the collection efficiency was measured at a single value of E drift , corresponding to preamplification factor of 6. In an "opaque" GEM this preamplification factor increased the efficiency but in a more "transparent" GEM the efficiency decreased, as in the present work. These seemingly contradicting results are currently fully understood in the context of the comprehensive and systematic picture presented in this work, taking into account all competing processes involved in the collection efficiency measurement.
It should be noted that the conclusions reached in this work, regarding the focussing of single electrons, are not limited to GEM. They could be similarly applied to other types of multipliers in which electrons are focussed into micro-apertures in meshes or in other electrode structures. Transparency of the mesh M 1 in two gas conditions. The photocurrent was measured on M 2 , keeping E PC constant (at ~5 V/cm torr in i-butane and ~1 V/cm torr in Ar/CO 2 ) and varying E drift . Figure 5 . Examples of the variation of the normalization-detector counting rate with E drift , for i-butane 40 torr and Ar/CO 2 (70:30) 760 torr. The lines are drawn to guide the eye. E drift /E PC was kept constant in order to maintain constant transparency through mesh M 1 . The initial rise in counting rate reflects the increase in photoelectron extraction efficiency, up to its plateau, which is slanted, reflecting the photoextraction efficiency (see figure 3) . The decrease of counting rate at high E drift is due to loss of transparency through M 2 . The last was corrected for i-butane, using the data of figure 4. For Ar/CH 4 an additional parallel-plate gap was inserted preceding the MWPC, to maintain the M 2 mesh transparency. See text and figure 6. U GEM = 500V current mode 
